Identification of regulatory regions within genomes is a key challenge for understanding the influence of functional traits on species evolution. Development of whole-genome sequencing programs in the early 2000s has been associated with the rise of comparative genomics as a powerful tool for predicting functional regions in genomes, using structural characteristics of DNA sequences. Conserved Noncoding Elements (CNEs, i.e. untranslated sequences highly similar across divergent species) were early identified as candidate regulatory regions in metazoans, plants, and fungi. CNEs have been repeatedly discriminated from mutational coldspots, but only few studies have assessed their functional relevance at a genome-wide scale.
Introduction
Protein-coding sequences have long been demonstrated to only account for a limited proportion of conserved regions in most genomes (1) . 3 to 5% of human DNA has been shown to harbor Conserved Noncoding Elements (CNEs), i.e. untranslated sequences highly similar across divergent species (2) . In other metazoans, this proportion has been estimated to be much higher (9-15% in Caenorhabditis elegans and 25-40% in Drosophila melanogaster) (2) . Such elements are thought to carry functional roles, even though these functions remain broadly uncharacterized (1) . CNEs have indeed been repeatedly distinguished from mutational cold-spots (3) , and were shown to exhibit traces of purifying selection in humans (4) , Brassicacea (5) and Drosophila (6) . In vivo studies have suggested that they often act as enhancers of gene expression (7, 8) , but to date no general mechanism accounting for their extreme conservation has been proposed. The informative potential of CNEs regarding regulation -and their apparent influence over human diseases (9, 10) -have made them privileged targets in many comparative genomics approaches, as getting a better grasp on their roles represents a key challenge for understanding both genome evolution and regulatory pathways (1) . Genome-wide assessment of conservation and selection thus represents a powerful complement to direct functional studies for characterizing potential regulatory elements in noncoding regions (11) .
Identification of CNEs relies on interspecific genomic comparisons (divergence data) (2, 12, 13) , while the analysis of their dynamics and evolution is generally performed at an intraspecific scale (polymorphism data) (6, 8) . The complementarity of these approaches is at the core of many methods for identifying selection, such as the McDonald & Kreitman test (14) or, more recently, the estimation of deleterious fitness effects (DFE) (15) (16) (17) . In the fruitfly, Drosophila melanogaster, many characterizations of highly conserved elements have been proposed, based on different sets of species and identity criteria (2, 12, 18) . However, no systematic study of selection in CNEs combining genome-wide interspecific comparisons with analysis of intra-population polymorphism and selection yet exists in melanogaster.
Most previously published approaches indeed either focused on small subsets of noncoding regions (6, 19) , or neglected to investigate intra-population trends in conserved regions while assessing potential functions of CNEs (2, 12) .
Transposable elements (TEs) are mobile DNA elements capable of translocating randomly across an host genome. They have been shown to contribute to the genetic diversity and genome evolution of D. melanogaster through interference with regulatory regions (20) (21) (22) .
While most existing studies focus on insertion polymorphism to asses functional roles of TEs (20) , comparative genomics offer a way of assessing the effect of past events of TE domestication on genome evolution (23) .
In the present study, we used a multiple-species alignment retrieved from the UCSC Genome Browser database, combined with polymorphism data obtained from 48 populations of D.
melanogaster by the European Drosophila Population Genomics Consortium project to (1) identify and characterize CNEs in the genome of D. melanogaster, and (2) estimate the intensity of purifying selection in CNEs. In addition, we made use of known positions of TE insertions in melanogaster's genome to identify insertions shared across Drosophila species, potentially revealing ancient events of TE domestication. 
Material & Methods

Genomic Datasets
Identification of conserved elements
We made use of the R-friendly version of PHAST (PHylogenetic Analysis with Space-Time models, release 1.6.5 (26)) to retrieve discrete conserved elements in D. melanogaster's genome. PHAST takes a multiple-species alignment combined with a phylogenetic tree for building a phylogenetic-Hidden Markov Model of sequence evolution (PhyloFit). This model is then used to assign basewise conservation scores along a region of interest. Finally, discrete conserved blocks can be identified, based on expected values of coverage and length for conserved elements (PhastCons).
The software was run along the 2L, 2R, 3L, 3R, and X chromosomes of D. melanogaster (due to poor sequence conservation outside of the melanogaster subgenus, chromosomes 4 and Y were not searched for CNEs). Because indels and gaps in an alignment are treated as missing data by PHAST, we investigated the effect of phylogenetic distance on the quality of 
Construction of Allele Frequency Spectra
Derived allele frequency spectra (DAFS) were built for polymorphic sites (CNEs, 4D, 0D) for each population using two outgroups (D. sechellia, D. erecta) to assess the ancestral/derived state of an allele (e.g., if a SNP harbored an A/T polymorphism, A or T was considered ancestral only if present in the two outgroups). Sites with ambiguous allele state were discarded. Populations were then investigated individually for assessing the distribution of allele frequencies. A DAFS comprising all populations was eventually built by summing the 48 individual frequency spectra in order to estimate general selective constraint over CNEs.
Computing population-wise DAFS allowed to correctly estimate the frequencies of alleles whose prevalence fluctuate across samples (an allele may be found at a low frequency in a population while being strongly represented in other samples).
Measuring the proportion of adaptive substitutions in CNEs
Keightley & Eyre-Walker (15) erecta as outgroups (polymorphic sites contributing to the allele frequency spectra were not considered when estimating divergence).
Search for ancient transposition events
We used Flybase (release 6.15) to retrieve known insertions of Transposable Elements along the genome of D. melanogaster (5392 coordinates). Overlaps with previously identified CNEs were recovered and filtered against fragments shorter than 6 bp. The remaining elements were classified with respect to their transposon families, length, and level of conservation.
Neighboring regions of insertions conserved over more than 100 bp were subsequently investigated for assessing potential functions, by examining nearby genes (<500 bp away from the borders of an insertion).
Results
Effects of phylogenetic distance on PhastCons detection power
Assessing the effect of phylogenetic distance on PhastCons detection power revealed that CNEs located within pseudogenes were not considered in further analyses, due to their rarity (<1‰ of total coverage).
Enrichment of functional regions in CNEs
Comparing the composition of CNEs with that of the whole genome of D. melanogaster (twosamples proportion test) revealed UTRs and ncRNAs to be significantly enriched in conserved regions ( Fig.1 , P-values < 0.001). Compared to random distribution of conserved positions, sites in UTRs were more often conserved (+27% for 3' and +18% for 5' UTRs). Introns and intergenic regions, on the opposite, appeared depleted in conserved positions, with introns, proximal, and distal regions containing respectively -13%, -23% and -24% less conserved bases than expected under a random distribution. Finally, overall distribution of CNEs along chromosomes revealed no clusterization of conserved regions.
CNEs conservation across species
CNEs conservation within the different Drosophila clades was found to reflect phylogenetic distance (Fig.2) . CNEs exhibited strong conservation (>90% of CNEs with >80% sequence identity) within the melanogaster subgroup (5 species closest to D. melanogaster). Overall conservation appeared reduced within the melanogaster group, especially due to species having rapidly diverged from D. melanogaster (D. bipectinata, D. ananassae, D. kikkawai).
Only 25% of CNEs appeared shared by Sophophora flies outside of the melanogaster group, and nearly no CNEs (<1‰) were found shared outside of the Drosophila genus.
Reduced nucleotide diversity in CNEs
In all DrosEU populations, CNEs exhibited a level of nucleotide diversity (Tajima's π)
intermediate between 0D and 4D sites ( Fig.3 .A). 4D sites (neutral expectation) showed the highest values (1.03 × 10 -2 ± 0.02 across all samples pooled) and 0D sites (constrained expectation) the lowest (2.04 × 10 -3 ± 0.27). Overall, nucleotide diversity within CNEs appeared closer to that in 0D sites (3.27 × 10 -3 ± 0.14). No significant correlation of π with latitude or longitude could be uncovered.
Purifying selection in CNEs
DAFS within polymorphic positions of D. melanogaster's genome revealed a significant excess of rare variants (frequency < 0.1) in both 0D sites and CNEs, compared to 4D sites ( Fig.3.B ). This excess indicates that mutations in CNEs and 0D sites tend to increase less in frequency than those in 4D sites, i.e. that they undergo purifying selection. 0D sites displayed the highest level of selective pressure, while CNEs showed intermediate intensity of negative selection with little variation across classes.
Adaptive substitutions in CNEs
Estimates of α, the fraction of nucleotide divergence driven by positive selection, were 
Ancient transposition events
Matching the positions of the previously identified CNEs against known TEs insertions in the reference genome of D. melanogaster yielded 284 overlapping regions encompassing 8510 bases (median size: 18 bp). Six insertions were found conserved over more than 100 bp (in CNEs only), among which five were partially located in UTRs of genes ( Table 2 ). These six insertions were present in the fifteen species of the melanogaster group used for identifying conserved elements.
All statistical analyses were performed using R 3.3.1.
Discussion
Limits of statistical significance in very large datasets
Genome-wide datasets (alignments, annotation files, polymorphism data…) are generally characterized by a very large number of entries, leading most statistical measurements to exhibit extreme significance (30) . This phenomenon is linked to large samples drastically increasing the power of statistical tests, even if the practical significance of the considered effects (i.e. the interpretation that can be drawn from the observed trend) is nearly nonexistent. Thus, many of the tests performed on CNEs, such as the estimations of differences in size and GC% between annotation types, produced extremely low p-values, even though the observed differences seemed far too weak to be interpreted as consequences of a biological effect. Both standard errors and bootstraps are strongly affected by this "large-sample size issue" (30) .
Influence of phylogenetic distance on PhastCons detection power
Since its original publication (2), the PhastCons program (now implemented in the PHAST software (26)) has been widely used for retrieving discrete conserved elements in many 
CNE content in Drosophila
The number and coverage of predicted CNEs in chromosomes 2L, 2R, 3L, 3R, and X of D.
melanogaster identified in this study is fairly consistent with existing measurements of conservation in Drosophila (1, 2, 19 ). In the original PhastCons paper (2), Siepel & al. Nucleotide diversity in CNEs was found close to that in 0D sites, and much inferior to estimates of π within 4D sites. This is coherent with CNEs exhibiting high sequence similarity across divergent species (seemingly conserved regions are expected to be less polymorphic than the rest of the genome) and with existing estimations of polymorphism in noncoding regions (6) of melanogaster. This result alone, however, cannot be interpreted as a consequence of purifying selection: conservation and reduced polymorphism in CNEs may simply owe to lower mutation rates.
Purifying selection in CNEs
Purifying selection in genomes can be discriminated from reduced mutation rates by examining the distribution of derived allele frequencies in a supposedly constrained region, compared to a neutral expectation (3, 36) . Negatively selected sites tend to exhibit an excess of rare variants compared to neutrally evolving positions, due to new mutations in constrained regions being unlikely to spread. In this study, we estimated that CNEs in the genome of D.
melanogaster are less constrained than 0D sites, but still exhibit an excess of rare variants compared to 4D positions. These results confirm that conservation in CNEs is driven by selective constraint and not by local variation in mutation rates (3, 6, 19, 37) , and provide a strong validation of their functional importance in genomes. Selection intensity appeared highly similar across the different classes of CNEs, likely illustrating the general homogeneity of conserved elements predicted by PhastCons.
To seek further confirmation of the functional roles of CNEs, we estimated the proportion of substitutions between D. melanogaster and two closely related species (D. sechellia, D. erecta) driven by positive selection. In agreement with the work of Andolfatto (6), we found
UTRs and ncRNAs to be the noncoding regions most subject to adaptive selection, with more than 40% of divergence being positively selected.
Ancient transposition events
Transposable elements are known to contribute to genetic diversity in populations of D.
melanogaster, and have been repeatedly shown to influence genome evolution (20, 38) .
Studies on TE polymorphism have demonstrated that insertions within regulatory regions of genes can present adaptive potential (21, 22) and become fixed through positive selection.
Little is known, however, on past domestication events that may have affected gene expression in melanogaster's genome, as most functional characterizations of TEs have been conducted using polymorphism of TE insertions (i.e. an already fixed insertion will not appear to affect gene regulation). In mammals, 16% of eutherian-specific CNEs have been estimated to originate from ancient transposition events (23), but to my knowledge no similar assessment of TE contribution to CNEs has been proposed in Drosophila. In the present study, we reported six TE insertions conserved over more than 100 bp in noncoding regions, all of which were shared by the 15 species considered in the melanogaster group. Three of these insertions are partially located in UTRs of genes involved in developmental processes (grh, pld, ssdp). There is therefore strong support for proposing that these "conserved noncoding insertions" became domesticated in the common ancestor of the melanogaster group (15) (16) (17) (18) (19) (20) My (24)).
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